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(57) A tunable optical cavity constructed from af ixed 
mirror[214] and a movable mirror. The fixed mirror[214] 
is attached to a substrate[203] having a first electrically 
conducting surface. A support memberf216] having the 
moveable mirror[213] supported thereon and having a 
second electrically conducting surface, is suspended 
above the substrate[203]. A circuit applies an electrical 
potential between the first and second electrically con- 
ducting surfaces thereby adjusting the distance be- 
tween the fixed and movable mirrors. The fixed mirror 
[214] and the moveable mirror[213] are positioned such 
that the mirrors form the opposite ends of the optical 
cavity. The distance between the fixed mirror[214] and 
the moveable mirror[213] is a function of the applied 
electrical potential . The thermally induced vibrations are 
reduced by utilizing an electrical feedback circuit that 
measures the distance between the mirrors. The feed- 
back circuit dynamically changes the potential between 
the substrate[203] and the support member[216] so as 



to reduce fluctuations in the cavity resonance frequency. 
The instantaneous cavity resonance frequency can be 
measured by comparing the cavity resonance frequen- 
cy with a standard optical signal, or by using a circuit for 
measuring capacitative coupling between the support 
member[21 6] and the substrate[203]. The feedback cir- 
cuit varies the potential between the substrate[203] and 
the support member[216] so as to reduce the fluctua- 
tions in said measured cavity resonance frequency or 
the capacitance. The optical cavity of the present inven- 
tion can be utilized in constructing a tunable laser by 
including an active layer[355] for amplifying lighttrapped 
in the cavity. In the case of a tunable laser, the thermally 
induced fluctuations can be reduced by including an 
interferometer[360] or other frequency-selective device 
to determine the instantaneous wavelength of the light 
from the laser. An electrical feedback circuit[375] varies 
the potential between the substrate[203] and the sup- 
port member[216] so as to maintain the measured in- 
stantaneous wavelength at a specified value. 
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Description 

Field of the Invention 

[0001] The present invention relates to optical filters, 
and more particularly, to tunable Fabry-Perot optical 
resonators, filters and lasers constructed therefrom. 

Background of the Invention 

[0002] Tunable optical resonators are utilized in opti- 
cal communication systems and in the construction of 
lasers. Optical filters and lasers based on Fabry-Perot 
resonators can be constructed using microelectrome- 
chanical machining (MEM) techniques, and hence, can, 
in principle : provide an economically attractive tunable 
filter ortunable laser. In such devices, a Fabry-Perot res- 
onator cavity is formed between two mirrors. One of 
these mirrors is flat and located on a semiconductor sub- 
strate. The other mirror may be curved and is suspend- 
ed on a number of micro-mechanical cantilevers. Appli- 
cation of a tuning voltage between the cantilevers and 
the substrate causes the suspended mirror to move to- 
wards the fixed mirror on the substrate, thereby reduc- 
ing the spacing between the two mirrors of the Fabry- 
Perot resonator. Since the filter's bandpass frequency 
is determined by the mirror spacing, a reduction in spac- 
ing between the two mirrors causes the resonant optical 
frequency of the cavity to increase. The shift in the res- 
onant frequency enables the device to be used directly 
as a tunable bandpass filter. If an optically-pumped or 
electrically-pumped optical gain medium (active region) 
is placed in the cavity, the device becomes a tunable 
laser, with the lasing wavelength controlled by the res- 
onant frequency of the Fabry-Perot cavity. 
[0003] Prior art MEM Fabry-Perot filters exhibit a sig- 
nificant amount of noise, which limits the usefulness of 
these devices. The noise results from mechanical vibra- 
tions in the mirror connected to the cantilevers. This 
noise causes variations in the spacing between the mir- 
rors, which in turn, causes the resonant frequency and 
amplitude of the light emitted from the filter to exhibit a 
corresponding noise spectrum. The noise broadening 
of the resonant frequency can double the width of the 
bandpass response of a filter and can substantially in- 
crease the linewidth of a laser constructed from such a 
filler, thereby making the filter or laser unsuitable for 
many applications. 

[0004] The mechanical vibrations can be reduced by 
stiffening the cantilevers. The mechanical vibrations re- 
sult from thermal noise in the movable mirror and its mi- 
cro-mechanical cantilevers. Since the moveable mirror 
is in thermal equilibrium with the air around the mirror, 
the mirror vibrates with an amplitude determined by the 
air temperature and the mechanical properties of the 
mirror and support. This vibration causes mechanical 
fluctuations in the position of the movable mirror relative 
to the other mirror. These mechanical fluctuations, in 



turn, cause fluctuations in the resonant optical frequen- 
cy of the Fabry-Perot cavity. The mechanical fluctua- 
tions are exacerbated by any mechanical resonance in 
the moveable mirror and its support cantilevers. Stiffen- 
5 ing a cantilever increases the spring constant of the can- 
tilever and hence, reduces the amplitude of the fluctu- 
ations corresponding to any given equilibrium tempera- 
ture. 

[0005] Unfortunately, stiffening the cantilever also re- 

10 duces the range over which the resonance frequency 
can be tuned. In general, there is a maximum deflection 
voltage that can be applied to the device. This voltage 
is usually determined by the driving circuitry and the volt- 
age breakdown characteristics of the Fabry-Perot reso- 

15 nator structure. The maximum deflection determines the 
maximum range over which the frequency of the filter or 
laser can be tuned. Hence, stiffening the cantilever by 
increasing the thickness of the support arm also reduces 
the range over which the device can be tuned. 

20 [0006] Broadly, it is the object of the present invention 
to provide an improved MEM Fabry-Perot resonator. 
[0007] It is a further object of the present invention to 
provide a MEM Fabry-Perot resonator that has reduced 
noise while maintaining or improving the range over 

25 which the resonance frequency can be tuned. 

[0008] These and other objects of the present inven- 
tion will become apparent to those skilled in the art from 
the following detailed description of the invention and 
the accompanying drawings. 

30 

Summary of the Invention 

[0009] The present invention is a tunable optical cav- 
ity constructed from a fixed mirror and a movable mirror. 

35 The fixed mirror is attached to a substrate having a first 
electrically conducting surface. A support member hav- 
ing the moveable mirror supported thereon and having 
a second electrically conducting surface, is suspended 
above the substrate. A circuit applies an electrical po- 

40 tential between the first and second electrically conduct- 
ing surfaces thereby adjusting the distance between the 
fixed and movable mirrors. The fixed mirror and the 
moveable mirror are positioned such that the mirrors 
form the opposite ends of the optical cavity. The dis- 

45 tance between the fixed mirror and the moveable mirror 
is a function of the applied electrical potential. The ther- 
mally induced vibrations are reduced by utilizing an 
electrical feedback circuit that measures the distance 
between the mirrors. The feedback circuit dynamically 

50 changes the potential between the substrate and the 
support member so as to reduce fluctuations in the cav- 
ity resonance frequency. The instantaneous cavity res- 
onance frequency can be measured by comparing the 
cavity resonance frequency with a standard optical sig- 

55 nal, or by using a circuit for measuring capacitative cou- 
pling between the support member and the substrate. 
The feedback circuit varies the potential between the 
substrate and the support member so as to reduce the 
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fluctuations in said measured cavity resonancefrequen- 
cy or the capacitance. The optical cavity of the present 
invention can be utilized in constructing a tunable laser 
by including an active layer for amplifying light trapped 
in the cavity. In the case of a tunable laser, the thermally 5 
induced fluctuations can be reduced by including an 
interferometer or other frequency-selective device to 
determine the instantaneous wavelength of the light 
from the laser. An electrical feedback circuit varies the 
potential between the substrate and the support mem- 
ber so as to maintain the measured instantaneous 
wavelength at a specified value. 

Brief Description of the Drawings 

[0010] 

Figure 1 Is a top view of a Fabry-Perot based filter 
or laser. 

Figure 2 is a cross-sectional view of the laser shown 
in Figure 1 through line 11-12. 

Figure 3 is a cross -sectional view of a Fabry-Perot 
filter 200 according to another embodiment of the 
present invention. 

Figure 4 is a block diagram of a feedback system 
that can be utilized with a Fabry-Perot filter accord- 
ing to the present invention to servo the deflection 
voltage. 

Figure 5 is a block diagram of a laser stabilized filter 
arrangement 500 according to one embodiment of 
the present invention. 

Figure 6 illustrates the spectral lines used in the 
feedback arrangement shown in Figure 7. 

Figure 7 is a cross-sectional view of a laser 350 con- 
structed from the Fabry-Perot filter shown in Figure 

6. 

Figure 8 is a block diagram of a laser feedback cir- 
cuit 360 controlling the tuning voltage on a tunable 
laser according to the present invention. 

Detailed Description of the Invention 

[0011] The present invention may be more easily un- 
derstood with reference to Figures 1 and 2, Figure 1 is 
a top view of a Fabry-Perot based filter or laser. Figure 
2 is a cross-sectional view of the laser shown in Figure 
1 through line 11-12. A Fabry-Perot resonator cavity is 
formed between mirrors 13 and 14. Mirror 14 is flat and 
located on a semiconductor substrate 10. The mirror 13 
is typically curved and is suspended on a number of mi- 
cromechanical cantilevers shown at 15-18. The mirrors 
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are preferably constructed from a number of layers of 
transparent material having indices of refraction that al- 
ternate from layer to layer. Such mirrors are well known 
to the art of semiconductor lasers, and hence, will not 
be discussed in detail here. To simplify the drawing, the 
layered structure of the mirrors has been omitted. 
[0012] The application of a tuning voltage, generated 
by driver 266, between the cantilevers and the substrate 
causes suspended mirror 1 3 to move towards mirror 14, 
thereby reducing the spacing between the two mirrors 
of the Fabry-Perot cavity. Since the resonant frequency 
of the cavity is determined by the distance between the 
mirrors, this reduction in spacing between the two mir- 
rors causes the resonant optical frequency of the cavity 
to increase. The shift in the resonant frequency enables 
the device to be used directly as a tunable bandpass 
filter. If an optically-pumped or electrically-pumped op- 
tical gain medium 20 is placed in the cavity, the device 
becomes a tunable laser, with the lasing wavelength 
controlled by the resonant frequency of the Fabry-Perot 
cavity. 

[0013] A key feature of the MEM filter and MEM tun- 
able laser is the relatively small spacing between the 
two mirrors of the optical cavity. Mirror spacings of a few 
microns can be utilized with a tuning range of 60 nanom- 
eters or more, for an input tuning voltage range of about 
30 volts. 

[0014] As noted above, prior art devices of the type 
shown in Figures 1 and 2 suffer from undesirable fre- 
quency noise caused by the thermal energy associated 
with the mirror and its support structure. In essence, for 
any fixed input control voltage applied to the device, the 
center frequency of the filter randomly fluctuates about 
an average value. Since the filter attenuation function 
varies with frequency, this fluctuation in the center fre- 
quency leads fluctuations in the amplitude of the filtered 
light. These fluctuations renderthe filter useless in many 
applications. 

[0015] The present invention is based on the obser- 
vation that the noise mechanism responsible for the fre- 
quency fluctuations is thermal noise in the movable mir- 
ror and its micro-mechanical cantilevers. Since the 
moveable mirror is In thermal equilibrium with the air 
around the mirror, the mirror vibrates with an amplitude 
determined by the air temperature and the mechanical 
properties of the mirror and support. This vibration caus- 
es mechanical fluctuations in the position of the movable 
mirror relative to the other mirror. These mechanical 
fluctuations, in turn, cause fluctuations in the resonant 
optical frequency of the Fabry-Perot cavity. The me- 
chanical fluctuations are exacerbated by any mechani- 
cal resonance in the moveable mirror and its support 
cantilevers. 

[0016] The frequency spectrum of the noise is rela- 
tively low, typically less than 1 MHz. This noise spectrum 
is sufficiently low that feedback techniques can be uti- 
lized to cancel out or greatly reduce the noise. 
[0017] Refer now to Figure 3, which is a cross-sec- 



EP 1 146 325 A2 



15 



20 



25 



30 



35 



40 



45 



50 



3 



BNSDCCID: <EP. 



.1146325A2_L> 



5 

tionai view of a Fabry-Perot filter 200 according to one 
embodiment of the present invention. In this embodi- 
ment of the present invention, the mirror is supported 
on a circular support membrane 216 instead of discrete 
cantilevered arms. Filter 200 utilizes a design in which 
the maximum distance 218 between the mirrors is set 
independently of the distance 217 between substrate 
203 and the support membrane 216. The fixed mirror 
214 is located in a well 220 that is etched in substrate 
203. Hence, filter 200 provides a relatively large sepa- 
ration between the mirrors while providing a relatively 
small separation between membrane 21 6 and substrate 
203. The minimum membrane-substrate distance is 
now set by the range of frequency values over which the 
resonance frequency of filter 200 is to be adjustable. 
This distance can be as small as one optical wave- 
length. In contrast, the distance between the mirrors is 
typically approximately 5 wavelengths or more. 
[0018] in addition lo providing grealer deflections as 
a function of drive voltage, the arrangement shown in 
Figure 3 also provides a means for monitoring the posi- 
tion of the moveable mirror. The reduced spacing be- 
tween support membrane 21 6 and substrate 203 results 
in a substantial increase in the electrical capacitance of 
the capacitor formed by the support membrane and the 
underlying substrate. For a support membrane having 
a diameter of 200-600 microns, the capacitance is of the 
order of 1pF for a membrane -substrate distance of 
0.3-2.5 microns. This level of capacitance can be meas- 
ured electrically to determine the actual deflection of the 
support membrane. The resultant instantaneous meas- 
urements can be utilized to adjust the deflection voltage 
so as to dampen the thermal vibrations, and hence, fur- 
ther reduce the noise associated with the thermal vibra- 
tions. 

[001 9] Refer now to Figure 4 which is a block diagram 
of a feedback system that can be utilized with a Fabry- 
Perot filter according to the present invention to servo 
the deflection voltage. From the point of view of thefeed- 
back circuit, the Fabry-Perot filter is equivalent to a ca- 
pacitor 310 whose capacitance can be altered by ad- 
justing the voltage across the capacitor. A capacitance 
measurement circuit 312 measures the instantaneous 
capacitance. Controller 314 then adjusts the voltage 
across the Fabry-Perot filter to adjust for any thermal 
noise fluctuations. The time constant of measurement 
circuit 312 must be much smaller than the period of the 
highest frequency noise that is to be canceled. The fre- 
quency of the AC signal applied to the capacitor 31 0 by 
the capacitance measurement circuit 312 must be at 
least an order of magnitude higher than the mechanical 
resonance frequency of the support structure, in order 
to avoid modulation of the resonance frequency by the 
applied AC signal. 

[0020] A feedback circuit based on a reference laser 
may also be utilized with a Fabry-Perot filter according 
to the present invention to reduce the noise. Refer now 
to Figure 5, which is a block diagram of a laser stabilized 
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filter arrangement 500 according to one embodiment of 
the present invention. For the purposes of this discus- 
sion, it will be assumed that a reference laser having an 
output wavelength X r6f is used to maintain the filter at a 

5 resonance wavelength of \ where nX^m^. Here, n 
and m are integers. The Fabry-Perot filter 514 has as 
its input a combination of the reference signal and the 
input signal that is to be filtered. The two filters are mixed 
with the aid of a partially reflecting mirror 519. The ref- 

10 erence signal is generated by modulating the reference 
laser light at a frequency F m to generate a reference sig- 
nal having two side bands 515 and 517 spaced about 
^ref Dv F m as shown in Figure 6. If the resonance fre- 
quency of the Fabry-Perot filter is shifted slightly, the 

15 side bands will be attenuated differently. A side-band 
comparison circuit 520 operates on a portion of the light 
leaving filter 51 4. The output of circuit 520 is utilized by 
controller 522 to adjust the control voltage applied be- 
tween the fixed and moveable mirrors. The reference 

20 signal can be blocked from the output light by a filter 
518. The modulation frequency can be any frequency 
that is much larger than the highest frequency noise that 
is to be eliminated by the feedback arrangement. 
[0021] It should be noted that a reference laser con- 

25 troller can effectively perform the same modulation op- 
eration by modulating the control voltage between the 
membrane and substrate at F m instead of modulating 
the reference laser output. In this case, however, the 
output from light will have a side band at F m . For many 

30 applications, such a side band is of little consequence 
or the side band can be eliminated by including a notch 
filter at F m in the circuitry that detects the light that has 
been filtered by the filter, 

[0022] A Fabry-Perot filter according to the present in- 

35 vention can be converted to a tunable laser by including 
a material that provides optical gain in the filter cavity. 
Refer now to Figure 7, which is, a cross-sectional view 
of a laser 350 constructed from the Fabry-Perot filter 
shown in Figure 6. To simplify the following discussion, 

40 those elements of laser 350 that serve the same function 
as the elements shown in Figure 5 have been given the 
same numeric designations in both figures. Laser 350 
can use either an optically pumped or an electrically- 
pumped active region 355 consisting of a multiple quan- 

45 turn well system to amplify the light that bounces back 
and forth in the optical cavity. The output wavelength of 
laser 350 is adjusted by applying a voltage between 
moveable mirror 21 3 and the substrate 203 to alter the 
distance between mirrors 213 and 214. 

so [0023] As noted above, a Fabry-Perot filter according 
to the present invention can be converted to laser by 
including an active layer in the cavity to amplify the light. 
The active layer can be optically or electrically pumped. 
In the case of a laser, the deflection voltage between the 

55 support membrane and the substrate can be adjusted 
by comparing the output of the laser to that of a refer- 
ence laser. Refer now to Figure 8, which is a block dia- 
gram of a laser feedback circuit 360 controlling the tun- 
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ing voltage on a tunable laser according to the present 
invention, such as laser 350 shown in Figure 7. For the 
purposes of this discussion, it will be assumed that sub- 
strate 203 is transparent, and hence, the servo light sig- 
nal can be taken through the substrate so as not to dis- 5 
turb the laser output light that leaves via mirror 213. The 
reflectivity of mirror 214 can be reduced slightly to in- 
crease the intensity of the servo light signal if needed. 
The comparison can be preformed by any method that 
allows the controller 375 to determine the difference in 
wavelength between the reference laser and Fabry-Per- 
ot laser. For example, the light beams generated by the 
reference laser 371 and laser 350 can be mixed using 
a partially reflecting mirror 372 and a detector 373 to 
generate a signal whose beat frequency is counted by 
a counter 374. Controller 375 then adjusts the potential 
between membrane 216 and substrate 203. The refer- 
ence laser frequency must be chosen such that the beat 
frequency can be measured in a time thai is short com- 
pared to the thermal fluctuations that are to be eliminat- 
ed by the servo mechanism. It will be obvious to those 
skilled in the art from the preceding discussion that other 
forms of detectors may also be utilized to make the com- 
parison. 

[0024] Various modifications to the present invention 
will become apparent to those skilled in the art from the 
foregoing description and accompanying drawings. Ac- 
cordingly, the present invention is to be limited solely by 
the scope of the following claims. 



Claims 

1. A tunable optical cavity[200, 350, 360, 514, 310] 
having a resonant wavelength selectable in a range 
about a predetermined wavelength, said cavity 
[200, 350, 360, 514, 310] comprising: 

a fixed mirror[21 4] attached to a substrate[203] 
having a first electrically conducting surface; 

a support member[21 6] having a moveable mir- 
ror[21 3] supported thereon, said support mem- 
ber[216] having a second electrically conduct- 
ing surface, said support member[216] being 
suspended above said substrate[203]; 

a drive circuit[266] for applying an electrical po- 
tential between said first and second electrical- 
ly conducting surfaces; and 

a measurement circuit[31 2, 31 4, 360, 520, 522] 
for measuring the distance between said fixed 
and moveable mirrors and for adjusting said ap- 
plied potential in response to said measure- 
ment. 

2. The optical cavity[200, 350, 360, 514, 310] of Claim 
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1 wherein said measurement circuit[31 2, 314, 360, 
520, 522] comprises a circuit for measuring the ca- 
pacitative coupling between said support member 
[216] and said substrate[203]. 

3. The optical cavity[200, 350, 360, 514, 310] of Claim 
1 or 2 wherein said measurement circuit[312, 314, 
360, 520 : 522] comprises a light source[510, 512] 
having a known spectrum and a circuit[520] for de- 
tecting alterations in said spectrum when light from 
said light source[51 0, 520] passes through said op- 
tical cavity[200, 350, 360, 514, 310]. 

4. The optical cavity[200, 350, 360, 514, 310] of Claim 
1 , 2 or 3 further comprising an active layer|355J for 
amplifying light trapped in said cavity[200, 350,360, 
514, 310]. 

5. The optical cavily[200, 350, 360, 514, 310] of Claim 

4 wherein said measurement circuit[312, 314, 360, 
520, 522] comprises a circuit[360] for measuring the 
wavelength of the amplified light. 

6. The optical cavity[200, 350, 360, 51 4, 310] of Claim 

5 wherein said measurement circuit[312, 314, 360, 
520, 522] further comprises a reference laser[371] 
for generating a reference light signal having a ref- 
erence wavelength and acircuit[373, 374] for meas- 
uring the difference between the wavelength of said 
amplified light and said reference wavelength. 

7. The optical cavity[200, 350 ! 360, 514, 310] of one 
of the preceding Claims wherein said measurement 
circuit[312, 314, 360, 520, 522] comprises a refer- 
ence laser[512] and a circuit for modulating said po- 
tential between said substrate[203] and said sup- 
port member[216] at a predetermined frequency. 
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(57) A tunable optical cavity constructed from a fixed 
mirror[214] and a movable mirror The fixed mirror[214] 
is attached to a substrate[203] having a first electrically 
conducting surface. A support member[216] having the 
moveable mirror[213] supported thereon and having a 
second electrically conducting surface, is suspended 
above the substrate[203]. A circuit applies an electrical 
potential between the first and second electrically con- 
ducting surfaces thereby adjusting the distance be- 
tween the fixed and movable mirrors. The fixed mirror 
[21 4] and the moveable mirror[21 3] are positioned such 
that the mirrors form the opposite ends of the optical 
cavity. The distance between the fixed mirror[214] and 
the moveable rnirror[213] is a function of the applied 
electrical potenLial. The thermally induced vibrations are 
reduced by utilizing an electrical feedback circuit that 
measures the distance between the mirrors. The feed- 
back circuit dynamically changes the potential between 
the substrate[203] and the support member[21 6] so as 



to reduce fluctuations in the cavity resonance frequency. 
The instantaneous cavity resonance frequency can be 
measured by comparing the cavity resonance frequen- 
cy with a standard optical signal, or by using a circuit for 
measuring capacitative coupling between the support 
member[2t 6] and the substrate[203]. The feedback cir- 
cuit varies the potential between the substrate[203] and 
the support member[216] so as to reduce the fluctua- 
tions in said measured cavity resonance frequency or 
the capacitance. The optical cavity of the present inven- 
tion can be utilized in constructing a tunable laser by 
including an active layer[355] for amplifying light trapped 
in the cavity. In the case of a tunable laser, the thermally 
induced fluctuations can be reduced by including an 
interferometer[360] or other frequency-selective device 
to determine the instantaneous wavelength of the light 
from the laser. An electrical feedback circuit[375] varies 
the potential between the substrate[203] and the sup- 
port member[216] so as to maintain the measured in- 
stantaneous wavelength at a specified value. 
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